Abstract. A new Hybrid Computational
INTRODUCTION
The presented paper is related to a new area of science and technology, called Structure Health Monitoring (SHM). It has been increasingly developing for some time now. SHM deals with structures and various processes closely connected with the life and maintenance of a variety of engineering structures. An important role for SHM is played by systems which on the base of monitoring or measurements can reflect the actual state (health) of structures. This permits control of the structure and warning against failures or dangerous events. Non-destructive methods of structure examination and 'on line' methods of information transmission are especially valuable for aspect of SHM, see, e.g. [1, 2, 3] .
From among non-destructive methods, the application of ultrasonic waves is worth emphasizing for the evaluation of material properties and detection of various defects, cf, references in [2] . In what follows we are discussing a comparatively simple problem of the application of the Lamb Waves (LWs) propagation in thin, elastic and homogeneous plates, cf. [4] [5] [6] . These waves are guided in the vibration plane, perpendicular to the plate mid-surface and are propagated over a comparatively long distance.
The presented paper is related to the identification of parameters of anisotropic plates. The formulation of mathematical models of such plates and the identification of 'a priori' unknown parameters or defects is much more difficult than in isotropic plates. In such a situation we can tread the solutions obtained for isotropic plates as a special case, called even "bench mark" solutions for the analysis of orthotropic plates.
The Lamb equations make it possible to formulate the Dispersion Curve (DC). A relation k ( f  par ) can be written, where: k  DC wavenumber, f  frequency of vibrations as an independent variable, par -vector of plate parameters. For example, in the case of isotropic, homogeneous plate, this vector is completed from the following constants: par = {E, , , d}, where: k and ,  Young's modulus and Poisson ratio,  and d  plate density and thickness, respectively.
Unfortunately, the Lamb equations can be derived in an implicit and very elegant form (see e.g. books [4, 5] for the case of isotropic plates), but they can be analysed only by numerical methods. There is a variety of such numerical methods based on FEM, BEM and FDM. What seems especially numerically efficient are their modifications and combinations, see e.g. LISA/SIM (Local Interaction Simulation Approach/ Sharp Interface Model), EFIT (Elasto-dynamic Finite Integration Technique), see [7] [8] [9] [10] [11] . Unfortunately, these methods are rather "numerical costly" since they need a great number of numerical operations.
What seems to be especially numerically efficient, there is the formulation of semi-analytical methods (SEM) as the application of EFIT/LISA/FDM, with introducing of the Finite Difference Method (FDM) , see [12] [13] [14] . Unfortunately, the above listed methods are rather numerical costly since they need a great number of numerical operations.
Another disadvantage of the application of the aforementioned methods appears in the identification analysis, called in mathematics as the reverse approach.
This approach is related to the application of the paradigm of minimizing the difference between the "distance" between known and search states. Let us take as an example the norm of the experimental and numerically simulated values of the dispersion curves:
In fact, the described approach, called in literature Classical Method (CM) of optimization, is refers to a sequence of direct problem solutions, see [14] . In our paper [15] we developed another approach, based on the application of Artificial Neural Networks (ANNs). This ap-proach is related to the formulation of a corresponding Hybrid Computational Method (HCM). The system is composed of two stages. Stage A relates to the physical tests on material models (laboratory tests or measurements on laboratory models or structures). In Stage B data, satisfying the Lamb equations, are identified by 'off line' trained ANN. Then, preprocessed data of the Stage A are substituted as inputs into the trained network. Thus, the proposed HCS works 'numerically on line' as a method of one substitution of data from Stage A to Stage B.
The sketched HCM was checked in paper [15] . The results, obtained in this paper can also serve us as a "bench mark" in validation of our proposal. The main goal o our paper is a generalization of the approach developed in [15] to the appropriate modification of HCS for the identification of parameters for elastic orthotropic composite materials. In the present paper we adopted a hexagonal (five parameters) orthotropic material, corresponding to the unidirectional reinforced composite lamina.
Obviously, the identification of composite parameters is much more complicated than this applied for the isotropic material. Instead of the Armikulova's dimensionless Lamb equations, see [17] , used for isotropic material, we now apply the finite difference equations, formulated in [13] . These equations have been adopted for computing patterns for the orthotropic material in Stage B for generating patterns needed for the 'off line' training and testing ANN as a component of HCS.
The basics on Lamb waves, and corresponding equations for the analysis of a thin plate made of hexagonally orthotropic material, are presented briefly.
Next, case studies are discussed. The first case refers to pseudo-experimental verification of the identification results, supported on data taken from [4] for hexagonally orthotropic plate. The other case study relates to data taken from laboratory tests on unidirectional reinforced composite lamina, see [17] . In both case studies the results of an extensive numerical analysis are connected with the sensitivity of Lamb dispersion curves to variations of material parameters.
LAMB WAVES IN ELASTIC THIN PLATES

Some basics of LW equations
The Lamb plane of vibrations is shown in Fig. 1 The adopted elastic, hexagonal, orthotropic material, has five independent elastic constants. The stiffness matrix of this material is shown in Table 1 . The stiffness matrix of this material corresponds to the unidirectional reinforced composite lamina, see [11] .
Two equations, which are the basis for deriving of Lamb equations, are: i) eigenvalue problem equations and ii) dispersion equations cf. e.g. [1, 5, 16] .
Eigenvalue equations for composite lamina
The Cartesian coordinate system is adopted with z axis normal to the midsurface of a composite lamina, see Fig. 1 . The displacement vector has components on the z distance to the plate midsurface:
where:
and  is angular frequency, c p is phase frequency. The direction of wave propagation depends on the angle , i.e.
The displacement functions (2) can be separated into symmetric and snit-symmetric modes, see [18] .
where:  j  eigenvalues that will be computed as solutions of the characteristic equations of the eigenvalue problem
From the equations of motion, see [18] , we can formulate the following equations of the eigenvalue problem: 
where: 
Characteristic equations related to the eigenvalue analysis Eq. (4) leads to the 6-the order algebraic equations, which can be solved only by means of numerical methods. That is why we apply the finite difference method, see [13] , related to the LINSA system, see Appendix.
The Lamb wave equations are derived from the boundary conditions:
From the condition of existence of a non-trivial solution of the set of homogeneous equations (5) the dispersion Lamb function can be found. It has the following implicit form, see [18] :
BASIC ALGORITHMS FOR PLATE PARAMETERS IDENTIFCATION
Four essential algorithms for GWM
In the Guided Wave Monitoring or Measurements (GWM) four essential steps can be distinguished, see [2] . The steps are sketched in Fig. 3, underlining Step IV.
Steps I and II correspond to carrying out the experimental test and initial processing of measured responses (signals). Step III contains signals processing, applying B-scanning and 2D-FFT transformation [19] . The estimated local maxima on the plane (f, k) enable us to trace the dispersion curves. In Fig. 3 there are shown DCs, which fulfill symmetric and anti-symmetric modes of DCs. They are, in fact, a set of points
 , where m = 0, 1, 2, … are numbers of vibration modes.
Step IV starts from the selection of points which are simulated by numerical methods. In the case presented in Fig.2 only the points related to modes A0 and S0 are shown.
This point is based on algorithms developed in [15] for elastic, isotropic plate parameters identification. In the present paper we have introduced some modifications, corresponding to the identification of elastic, hexagonal orthotropic material, see Table 1 .
Hybrid Computational System and corresponding procedures
The Hybrid Computational System is composed of two computational Stages A and B, see Step B deals with the inverse analysis, starting from the extended Essential Step IV, see Fig. 3 . In beginning the dispersion curves are selected from the spectrum of modes, shown in Essential Step III. In Fig. 3 the selection of two vibration modes was made, corresponding to modes A0 and S0 .
The basic roles in reverse analysis plays ANNs, see [5, [20] [21] [22] .The algorithms of Stage B were developed in [15] . In the present paper we discuss briefly only the main algorithms taken from paper aforementioned.
Algorithms of HCS
In our paper we have decided to restrict our analysis to a range of dispersion curves (DCs), since the considered composite lamina are adopted to be after numerical homogenization and material parameters are constant along the plate length 2 L, see Fig. 1 . The adopted reference range is related to frequencies of excited vibrations, i.e. fref  [ fmin , fmax ] . The values and forms of corresponding points of experimental curves are processed in order to have experimental approximate dispersion curves related to the formulation processes. The value of fref is taken from laboratory tests. After numerical processing, an approximate vawenumber function In the presented paper we are discussing hexagonal orthotropic material with the stiffness matrix C shown in Table 1 
The following parameters are fixed: 
Simulation computation in Stage A
Stage A corresponds to the standard procedure, related to Guided Wave Monitoring GWM) technique, discussed in many books and papers, e.g. see references in [4, 5] . The main attention is focused on Stage B.
After evaluation of reference range
for selected modes vibrations, a set of experimental data can be completed.
where: j = 1, 2, … , J  numbers of dispersion points, m  numbers of vibration modes. On the basis of data, approximate experimental curves can be formulated. The parameters of these curves are computed by means of the Least Squared Method (LSM):
In the presented paper, M = 2 modes are adopted, i. 
Identification computation in Stage B
The main part of the stage B corresponds to an ANN, which is a solver of the inverse problems of identification of the plate parameters. Similarly as in [15] .the Multi Layered Perceptron (MLP) network, see Haykin [24] , of the following architecture can be designed:
where: I  number of inputs, H  number of sigmoid functions in the hidden layer designed.
The corresponding set P , composed of P pattern pairs, was adopted for the training of the MLP neural network from the view point of the identification purposes:
The input vectors  p can be computed for Armirkulova's approximation in case of isotropic material of the plate, see [17] .We can start from a cloud of P points (f p , k p ), fulfilling the Lamb dimensionless equations.
In case of the considered orthotropic material, instead of Armikulova's formulas the Finite Difference Method was adopted, see Appendix. These equations can be related to known target values t p and the LSM method is applied for the anisotropic materials, computing the p-the input patterns:
The patterns of the training set are selected from reference ranges of the output vector components of the output vector spar p . After the training of MLP, relative errors of the neural approximation can be computed:
where: y and t are computed and target values of the vector spar components.
The values of components of the vector of experimental curve parameters (11) , with the accuracy corresponding to the MLP network errors (12) . Thus, we can conclude that
The formula (14) gives identification in one substitution, without any iteration. We can call this approach the 'numerically on line' process.
CASE STUDIES
Identification of a pseudo-experimental hexagonal orthotropic composite
In this case study, the material constant values shown in Table 1 , were taken from [4] : The Shear Horizontal mode SH 0 is not dispersive and cannot be reconstructed by standard B-Scans techniques. The corresponding LDCs are close to straight lines. The dispersion curve is a linear functions, see [4] , p. 244. The corresponding formula can be used for the calculation of the stiffness C 66 value:
For example, if we take the approximate value of wavenumber, k 1.52  10
, then for f  0.5 MHz the stiffness equals C 66  6.74 MPa.
Similar sensitivity analysis was made for the other four parameters. The recognition of sensitivity of LDCs to perturbations by small values of plate parameters is indispensable for a proper selection of dispersion modes. Such recognition has been taken into account for evalu-ation of reference ranges of the hexagonal, orthotropic material parameter variations in order to prepare patterns for ANNs training.
The carried out identification of data (15) taken from [4] , and treated in the present paper as pseudo-experimental data, gave identified values very close to those in the above mentioned paper.
Identification by HSM on the base of a laboratory test
Let us start from the Stage A , Essential Step III, see Fig. 3 . There are presented Scan-B maps in which LDCs as local maxima, found in the 2D-FTT transform space, see [19] . Corresponding curves were measured on carbon fiber reinforced plastic ( According to remarks in the previous Case Study, DC of SH 0 could not be reconstructed because it is related to a non-dispersive wave. Then we can perturb a selected identified parameter and observe which mode is more sensitive to parameter perturbation.
In this study case, see Fig.6a , the perturbation of the stiffness C 11 causes larger changes of the mode S 0. Now we can construct a set of points corresponding to 20 regularly placed station f j for j = 1, … , J. For R changes of the stiffness C 11,r we have J  R patterns for finding an optimal of parameter C 11 by means of the Mean Square Method. Optimal value of the parameter C 11 can be also found by means of the mode A 0 .Similar perturbations of other parameters can points out which of optimal solutions is proper.
There no doubt that in case of identification of the parameter C 44 the identification by means of the mode A 0 is better than by S 0 .
The approach discussed above fully corresponds to the general method discussed in Point 3.2.3, where the basis functions (BF) are used. In the considered case study a straight BF is used with the left and right bound points are L and R, respectively, see Fig. 6 . The vector of parameters is:
The basis function with parameters (17) was used as a good approximation of LDCs. Selected results of the identification analysis are shown in Table 2 . They correspond to the neural network MLP: 4-6-1 with one BF and MLP: 8-6-3 with two BFs. It is worth mentioning that the results shown in Table 2 were obtained for 100 'trained off line' networks. The computed value of the stiffness equals C 23 . The stiffness value calculated by formula (16) equals C 55 = C 55  8.58 GPa.
SOME REMARKS AND FINAL CONCLUSIONS
 The presented paper is a continuation and development of paper [14] , where the modeling and analysis are related to an isotropic material. In the presented paper the considered analysis is much more extended than in [15] .
 It was proved that the main idea of the Hybrid Computational System (HCS), i.e. separation of direct and reverse analyses can be extended to the analysis of orthotropic material. This can be carried out owing to the application of Artificial Neural Networks (ANN).
 In the present paper the attention was focused on the analysis of the hexagonal model of orthotropic material, useful in the analysis of unidirectional reinforced composites.
 The search for starting values of material constants was based on the sensitivity analysis of the Lamb Dispersion Curves changes of material constants.
 The obtained results seem to be useful for the development of HCS for a numerically efficient analysis of composite plies [16] .
A APPENDIX A semi-analytical method for dispersion curves computation
The regular discrete grid was adopted for the space stations across the plate thickness, see At each station the elastodynamic equation is discretized. The equilibrium at a station point is given by the semi-analytical LISA equation and, following [13] , and it can be expressed as: 
where: G(W)  function of material properties, particle displacements and discretizing parameters, V volume enclosed by neighbouring grid points,  s  sum of density values for all cells surrounding the station point (see Fig. A1 ). 
where indices for n = 1, 2 have been omitted for brevity. Formula given by Eq. (6) is the bulk wave dispersion equation of the semi-analytical method and involves only the trans formed displacement values for
 n x grid points. Manipulating and assembling (A2), using the scheme presented in Fig. 3 , leads to an eigenvalue problem analogous to (4) . The solution of Eq. (A2) provides the (k,  S-A ) pairs for the Lamb waves. For the definition and implementation details, the reader is referred to [10] .
